Twenty-six wild-type Streptomyces strains tested for resistance to arsenate, arsenite and antimony(II1) could be divided into four groups: those resistant only to arsenite (3) or to arsenate (2) and those resistant (8) or sensitive (13) to both heavy metals. All strains were sensitive to antimony. The structural genes for the ars operon of Escherichia coli were subcloned into various Streptomyces plasmid vectors. The expression of the whole ars operon in streptomycetes may be strain-specific and occurred only from low-copy-number plasmids. The arsC gene product could be expressed from high-copy plasmids and conferred arsenate resistance to both E. coli and Streptomyces species. The ars operon expressed in S . lividans and the arsC gene expressed in S . noursei did not render the synthesis of undecylprodigiosin and nourseothricin, respectively, phosphate-resistant. In addition in wild-type strains of Streptomyces phosphate sensitivity of antibiotic biosynthesis did not show strong correlation with resistance of growth to arsenicals. 0001-4994 0 1989 SGM
I N T R O D U C T I O N
Bacterial resistances to toxic heavy metals such as Hg, Cd, As, Cr, Pb and Ag are usually governed by genes on plasmids and transposons. Generally the same resistance mechanisms are found with all bacteria tested, Gram-positive and -negative, clinical, environmental and industrial species (Silver et al., 1987) .
Selection of Streptomyces mutants resistant to the toxic phosphate analogue arsenate is an efficient way of overcoming the sensitivity of many antibiotic biosynthetic pathways to repression by inorganic phosphate in the medium (Naharro et a/., Friedrich et al., 1984) . Most of these arsenate-resistant mutants show an uptake of [32P] phosphate identical to that of the wild-type. However changes have been found in energy metabolism, phospholipid synthesis and alkaline phosphatase regulation, and a decreased repression of enzymes of antibiotic synthesis by inorganic phosphate has been observed (Naharro et al., Hanel et al., 1984 Hanel et al., , 1985 . The mechanisms of arsenate and arsenite resistances in streptomycetes are unknown. On the other hand, plasmids carrying an inducible arsenical resistance operon (ars operon) which encodes a transport system for arsenate and arsenite are widely distributed among bacteria (Mobley et al., 1984; Rosen & Borbolla, 1984) . The gene products of the ars operon of Escherichia coli are proposed to comprise an anion-translocating ATPase. arsA encodes a relatively soluble polypeptide that has ATPase activity and is required for both arsenate and arsenite resistances. arsB encodes a hydrophobic membrane protein that is required for both arsenate and arsenite resistances and is the membrane carrier for arsenic efflux. The arsC product is a small polypeptide that confers substrate specificity upon the ArsB protein. In its absence, only arsenite (and antimony) are transported, but in the presence of ArsC protein, arsenate is also transported (Chen et al., 1986) .
The aim of this work was to investigate the distribution of arsenate and arsenite resistances among streptomycetes, to subclone the arsenical resistance genes of E. coli, to obtain their expression in various Streptomyces species and to assess their possible influence on phosphate repression of antibiotic biosyntheses.
METHODS

Bacterialstrains.
The strains of bacteria and their genotypes are listed in Table 1 . Plasmids are listed in Table 2 . Culture conditions. Culture media for Streptomyces strains were AL53 agar (Friedrich et al., 1984 ), M79 medium (Kriigel et al., 1988 , and minimal agar medium . E. coli strains were grown on Luria agar (LA) or Luria broth (LB) (Maniatis et al., 1982) .
Plasmids. Streptomyces plasmid vectors were isolated and used as described by Hopwood et al. (1985) . The isolation of E. coli plasmids and their use in transformation were as described by Maniatis et a f . (1982) .
In uitro manipulation of D N A . Standard techniques were used throughout, as described by Maniatis et al. (1982) and Hopwood et af. (1985) . DNA fragments were isolated by cutting out bands from low-gelling agarose gels and extraction with phenol, followed by chloroform and ether extractions, and ethanol precipitation (Maniatis e f al., 1982) . All restriction enzymes, and T4 ligase, were prepared by J. Schulz, ZIMET Jena; CIAP was from Boehringer-Mannheim.
Assayfor sensitivity to metal ions. W ild-type, recipient and recombinant strains were streaked onto plates of LA (E. coli) or AL53 agar (Streptomyces) and grown overnight at 37 "C (E. coli) or for 72 h at 28 "C (Streptomyces). In the case of plasmid-containing strains, antibiotics necessary to maintain selection for resistance markers were added to the agar medium. The master plates were replica plated to LA or AL53 agar containing 50 and 100 mM-Na,HAsO,, 5 mM-NaAsO, or 5 mM-SbCl,, as described by Lederberg & Lederberg (1952) . As controls, recipient strains transformed with the vector plasmids were replicated to the same plates. Neither recipient strains nor their transformants with the vector plasmids grew under the conditions described.
Assay for sensititiiry of antibiotic biosyntheses to inorganic phosphate. The 26 Streptomyces strains were grown for 72 h at 28 "C on AL53 agar with or without addition of 200 mwphosphate buffer (KH,P0,/Na2HP04. 2H20) and then overlaid with Bacillus subtilis ATCC 6633.
S. liuidans TK24 and S . liuidans TK24(pLT3) were grown for 48 h at 28 "C in M79 medium, inoculated into 50 ml AM medium with or without 1 mhl-phosphate buffer (Okanishi et al., 1970) and growth continued for 7 d at 28 "C. Undecylprodigiosin was extracted with methanol from wet biomass. For identification of undecylprodigiosin, the extracts were analysed on a precoated silica gel plate (DC-Plastikfolien Kieselgel60, no. 5748; Merck) by using two solvent systems consisting of chloroform/methanol (99 : 1 and 70 : 30, v/v) according to the method of Rudd & Hopwood (1980) .
R E S U L T S
Distribution of growth resistance to arsenate, arsenite and antimony among streptomycetes Twenty-six wild-type Streptomyces stains were screened for resistance to arsenate, arsenite and antimony(II1). The tested strains could be divided into four groups (Table 3) : those which were resistant only to arsenite (3) or to arsenate (2) and those which were resistant (8) or sensitive (I 3) to both heavy metals. This is the first description of exclusively arsenite-resistant wild-type strains. None of the strains tested grew in the presence of 2-5 mM-SbC1,.
It was of interest to see whether E. coli-derived determinants for arsenate, arsenite and antimony resistance could be expressed in streptomycetes and to assess their phenotypes.
Subcloning and expression of the whole ars operon of' the conjugative R-plasmid R773 in
Streptomyces strains The conjugative R-plasmid R773 confers inducible arsenate, arsenite and antimony resistance to E. coli. A 4.3 kb HindIII fragment was subcloned by Mobley et al. (1983) into the HindIII site of pBR322, "producing the recombinant plasmid pUM3. The plasmid codes for constitutive resistance to arsenite, arsenate and antimony under control of the tet P1 promoter (Mobley et al., 1983) . Three open reading frames for genes arsA, arsB and arsC were found (Chen et al., 1986) .
In an attempt to obtain expression of the whole ars operon of E. coli in Streptomyces we first tried to subclone the HindIII fragment of pUM3 into the single HindIII site downstream from the strong unidentified open reading frame (URF) promoter of the nat gene in the multicopy plasmid pIJ487N1 (Kriigel et al., 1988) . Numerous attempts failed to give the correct construct, probably due to the character of the gene products (see later). Since S . lividans can recognize promoters from several different bacterial species including E. coli and Bacillus we subcloned the whole ars operon, under control of the tet P1 promoter, from pUM3 as a HindIII fragment into the low-copy-number Streptomyces-E. coli shuttle vector pIJ903, which contains parts of pBR327 and SCP2* (Fig. 1) . The subcloning of the ars operon into Streptomyces-E. coli shuttle vectors was carried out in E. coli T G l , from which the plasmids were isolated and re-transformed into S . lividans TK24. After secondary transformations to E. coli TGl, S . liziidans TK24 and S . noursei JA3890b/2 recombinant plasmids were extracted from these transformants and checked for their identity by restriction analysis. The resulting recombinant plasmid pLT3 confers arsenate resistance up to 100 mM, arsenite resistance up to 5 mM and antimony resistance up to 5 mM to S . lividans but not to S . noursei. In a third variant the ars operon was isolated from pLT3 as a BglII-EcoRI fragment and the nat gene as a BglII fragment from pIJ486N1 (Krugel et al., 1988) . Both fragments were ligated into another low-copy Streptomyces-E. coli shuttle vector pJOE850 (Altenbuchner & Bruderlein, 1987) (Fig. 1 ). In the resulting recombinant plasmids pLTU3 and pLTN3 the ars operon should be expressed from the tandemly-oriented tet P1 and URF or tet P1 and nat promoters, respectively. Transformation of S . lividans TK24 with pLTU3 and pLTN3 resulted in some resistance to arsenate, arsenite and antimony but the growth was less dense than with pLT3 (Table 4 ). In S . noursei JA3890b/2 neither pLT3, pLTU3 nor pLTN3 expressed the ars operon.
Subcloning and expression of the arsC gene from the ars operon of the conjugative R-plasmid R773 into E. coli and Streptomyces strains After expression of the whole ars operon of E. coli in S . lividans it was interesting to see whether the expression of the regulatory arsC gene product alone in E. coli or Streptomyces was sufficient to cause resistance of these strains to arsenate. We subcloned the arsC gene as a BamHI-EcoRI fragment from pUM3 into pUC19-6 carrying the nat gene (Kriigel et al., 1988) (Fig. 2) . Transformants of E. coli TG 1 were selected for ampicillin and nourseothricin resistance (transcribed from the lac promoter) and replicated on LA with 100 mM-arsenate. After 48 h small colonies appeared carrying the appropriate recombinant plasmid pHAl. To obtain arsC expression in Streptomyces the nat-arsC cartridge from pHA 1 was subcloned in S . lividans TK24 as a HindIII fragment into the high-copy-number promoter-probe plasmid pIJ487 (Ward et al., 1986) (Fig. 2) . This led to a duplication of a part of the polylinker region of pIJ487 (35 bp); in one Fig. 1. Construction of pLT3, pLTN3 orientation (pHN 1) a head-to-head inverted repeat structure was formed between the HindIII site upstream of the nat gene and the cartridge whilst in the other orientation a direct repeat surrounded the cartridge. The latter structure proved to be highly unstable in Streptomyces, leading to deletion of the cartridge when nourseothricin selection pressure was omitted. The stable recombinant plasmid pHN 1 was re-transformed ( lo6 transformants per pg DNA) to S. Iiuidans and S. noursei; it conferred resistance to 50 mM-but not to 100 mwarsenate in both strains (Table 4 ). It is concluded that the arsC gene can be expressed in high-copy plasmids and confers arsenate resistance on both E. coii and Streptomyces.
Growth resistance to arsenicals and phosphate control ojantibiotic synthesis Excess inorganic phosphate in the medium suppresses the biosynthesis of many antibiotics and other secondary metabolites (Martin, 1977) . The selection of mutants resistant to the phosphate analogue arsenate gave strains which were less sensitive to phosphate regulation of antibiotic biosynthesis (Naharro et al., 1981 ; Friedrich et al., 1984) . Conversely, a mutant of S. noursei selected on a high-phosphate medium for its ability to produce the antibiotic nourseothricin under these conditions showed a significant growth resistance to arsenate and arsenite (Hanel et al., 1985) . A correlation was therefore sought between resistance to arsenicals and sensitivity to phosphate control of antibacterial activities of selected wild-type Streptomyces strains (using B. subtilis ATCC 6633 as a test organism) ( Table 5) . Strains resistant to arsenicals were invariably sensitive to phosphate regulation of antibiotic biosynthesis, but all arsenatesensitive strains were also sensitive to phosphate regulation. Thus no correlation was found.
To assess the validity of the idea that the expression of the whole ars operon and of the arsC gene may influence the phosphate control of antibiotic biosynthesis of recipient strains, the sensitivity of undecylprodigiosin production in S . lividam TK24(pLT3) and of nourseothricin production in S . noursei JA3890b/2(pHN 1 ) was compared with that in the strains transformed with the vector plasmids (Table 5 ). The ars operon expressed from pLT3 in S . lividans and the arsC gene expressed from pHN 1 in S . noursei did not render the synthesis of undecylprodigiosin and nourseothricin, respectively, phosphate-resistant, but nevertheless conferred growth resistance to arsenate.
DISCUSSION
In a wide range of Gram-positive and Gram-negative bacteria, arsenite, arsenate and antimony resistances are, as far as is known, coupled and localized on plasmids (Silver et al.,  1981 ; Hendrick et al., 1984; Mobley et al., 1984) . In E. coli, chromosomal mutations leading to arsenate resistance result in loss of a phosphate transport system (Pit), which is relatively indiscriminate between phosphate and arsenate . A similar type of phosphate transport system was postulated for S . granaticolor (Benes & Licha, 1987) . Our investigations revealed the existence of both arsenate-sensitive, arsenite-resistant, and arsenate-resistant, arsenite-sensitive Streptomyces wild-type strains. Resistance to arsenate is thus separable from resistance to arsenite, as found for Staphylococcus aureus . The location of arsenical resistance genes in the Streptomyces strains tested is unknown.
The tandem orientation of well-expressed Streptomyces nat and URF promoters to the tet Plars expression cartridge reduced the arsenate and arsenite resistance levels, for unknown reasons. We speculate a harmful influence of the membrane-integrated arsB gene product on the growth of the host when it is over-produced, similar to the situation found for the tet gene products of TnZO in E. coli (Coleman & Foster, 1981) . Nevertheless, the expression of at least arsenite and antimony resistances in S . lividans shows the general possibility of such aniontranslocating ATPases to operate in Streptomyces cells.
The ability of the arsC gene product to confer moderate arsenate resistance to both E. coli and Streptomyces implies some similarities between the proteins interacting with the arsC gene product in the different hosts and requires more detailed investigations of the nature of the target in Gram-positive bacteria.
Neither the whole ars operon nor the aisC gene altered the phosphate sensitivity of the antibiotic biosyntheses tested. The observation of arsenical-resistant wild-type strains which exhibit phosphate-sensitive antibiotic production indicates the existence of different mechanisms for the two phenomena. Further work should focus on possible pleiotropic regulatory signals in Streptomyces strains where arsenate resistance and phosphate insensitivity of antibiotic biosynthesis are linked and on the elucidation of the mechanism of resistance to arsenicals of strains where no correlation exists.
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